Nanoplasmonics 1,2 exploits the coupling between light and collective electron density oscillations (plasmons 3,4 ) to bypass the stringent limits imposed by diffraction.
This coupling enables confinement of light to sub-wavelength volumes and is usually exploited in nanostructured metals. Substantial efforts are being made at the current frontier of the field to employ electron systems in semiconducting and semimetallic materials since these add the exciting possibility of realizing electrically tunable and/or active nanoplasmonic devices 5-9 . Here we demonstrate that a suitable design of the doping profile in a semiconductor nanowire (NW) can be used to tailor the plasmonic response and induce localization effects akin to those observed in metal nanoparticles 10 . Moreover, by field-effect carrier modulation, we demonstrate that these localized plasmon resonances can be spatially displaced along the nanostructure body, thereby paving the way for the implementation of spatially tunable plasmonic circuits.
The excitation of localized plasmon resonances (LPRs) leads to a strong local enhancement of the electromagnetic fields, as a consequence of the collective oscillation of free charge carriers.
This found important applications in sensing 11 , microscopy 12 , Raman spectroscopy 13 , and photovoltaics 14, 15 . Traditionally, LPRs were observed and investigated in metallic nanoparticles (NPs), but recent experiments are extending this possibility to doped semiconductor NPs 16, 17 . One of the key motivations for the exploration of this route is the perspective of obtaining materials with lower free carrier density n and thus lower plasma frequency ω p . In doped semiconductors, this yielded the observation of LPRs in nanoparticles from the mid-to the far-infrared region of the spectrum.
A further important drive pushing for this paradigmatic shift to semiconductors is the perspective of electrical tuning of the plasmonic response. The investigation of hybrid electronic/plasmonic systems is indeed at its infancy and holds the promise of novel nano-optoelectronic chips embedding multiple functionalities 18 . A remarkable example is provided by the recent progress in graphene plasmonics 19 , where the high room-temperature mobility of samples encapsulated in hexagonal boron nitride crystals allows gate-controlled tuning of long-lived and highly-confined two-dimensional plasmons 20 .
In our experiment, we exploit state-of-the-art growth of self-assembled semiconductor NWs 21 , which offer the unique flexibility to engineer local properties of the semiconductor. In particular, we use steep axial doping profiles in InAs NWs to localize the system's plasmonic response and control the spatial position of the NW LPR by field-effect.
A prototypical example of the investigated NWs is shown in Fig. 1 InAs wires were grown by metal-seeded chemical beam epitaxy and included a ≈ 1 µm-long steep graded-doping region. In nominally undoped portions of the NW, the free-carrier concentration n was of the order of 10 16 cm −3 while a carrier density up to n ≈ 5 × 10 18 cm −3 is estimated for the highest doping-density regions, as determined by transport measurements in standard field-effect transistors grown in equivalent conditions 22 . The plasmonic response of the NWs was investigated by scattering-type scanning near-field optical microscopy (s-SNOM) in the mid-infrared spectral range 23,24 . We used a metallic tip with a radius of ∼ 20 nm operating in tapping mode at 250 kHz to probe the near-field optical response of the sample under a mid-infrared CO 2 laser (λ = 10.5 µm).
A pseudo-heterodyne interferometric detection was exploited to obtain the amplitude (s) and phase (ϕ) of the scattered optical beam (Fig. 1b) , which strongly depends on the local dielectric response of the NW. In our experiment, the backscattered signal was demodulated at the fourth harmonic of the probe tapping frequency. This procedure minimizes far-field contributions (see Methods) and yields the amplitude component s 4 , with phase ϕ 4 .
Atomic force microscope (AFM) ( Third, the highly inhomogeneous carrier density distribution n(x) along the NW growth direction in our NWs enables highly-selective spatial coupling between the SNOM tip and the plasmon. This is because the plasmon frequency is a function of the local carrier density (see Methods),
, and therefore, for a given illumination frequency ω, energy conservation implies tip-plasmon coupling only occurs in the neighborhood of the position x max at which ω = ω p (n(x max )).
In order to attain the field-effect control of the LPR in the nanostructures we fabricated devices equipped with an electrical reference contact and a gate allowing carrier-density manipulation ( The resonance is expected to occur at n ≈ 3 × 10 18 cm −3 and a carrier density modulation δn of at 0 -80 least 3 × 10 18 cm −3 is necessary to map the full plasmonic resonance (see shaded area in Fig. 2b ).
The actual measured NW response is shown in Figs. 2c,d . The experimental configuration was particularly stable and unaffected by sample mechanical drift with respect to the s-SNOM tip.
Multiple gate scans could thus be acquired and averaged to achieve good signal-to-noise ratios. In Fig. 2c we report the time evolution of the phase ϕ of the scattered wave, when the gate voltage V G is subject to a peak-to-peak oscillation of 60 V at 40 Hz. A strong modulation of the optical response is observed. In Fig. 2d the phase of the scattered light is plotted against V G . The marked hysteresis is a consequence of charge trapping at the NW/dielectric interface 27, 28 .
The modulation of light scattering displayed in Fig. 2 corresponds to a physical displacement of the LPR along the NW axis. Crucially, this is enabled by the fact that the gate electrode, being capacitively coupled to the NW, shifts the carrier density profile n(x) by a constant value δn which is proportional to the gate voltage V G . In turn, since the NW is designed to feature a linear spatial dependence of n(x) versus the longitudinal coordinate x, the energy conservation condition ω = ω p (n(x)) is expected to occur at a gate-shifted position x max + δx max where δx max = −δn·(dn/dx) −1 ∝ V G . To confirm this, we measured near-field infrared profiles ϕ 4 (x) along the NW growth axis while varying the gate voltage from −80 V to +80 V and then back to −80 V (Fig. 3a) .
In order to rule out possible spurious effects, e.g. stemming from small piezoelectric deformations of the SiO 2 layer 29 , we monitored the position of the metallic reference electrode and/or of the doping marker regions at each scan. Experimental data clearly indicate that the plasma resonance is shifted along the NW axis by about 100 nm when the gate voltage is swept from −80 V to +80 V and viceversa. This corresponds to a shift of the resonance by more than its half width at half maximum. We note that, compared to the measurements shown in Fig. 2 , a larger gate voltage swing is needed to achieve a modulation covering the full resonance. This is not surprising since traps on the NW surface and in the gate dielectric are known to cause non-negligible screening effects that are particularly evident at room temperature and for slow gating sweeps 27, 28 . Indeed, the time required to acquire each s-SNOM scan is of the order of several minutes, while in the case of the measurements reported in Fig. 2 , a full gate sweep lasted only few milliseconds. It is important to note that this is not an intrinsic limitation of the devices but is rather dictated by the experimental need to perform slow s-SNOM scans.
The experimental data are well described by a point-dipole interaction model 30 , from which the complete charge-density profile along the NW axis can be derived. The s-SNOM signal was compared with the expression for the fourth-order harmonic of the scattering field induced by the tip-sample interaction (see Methods). We fit the expression for ϕ 4 (x) by modeling the carrier density profile n(x) with a constant term n 0 , a uniform contribution proportional to the gate voltage V G , a linearly-increasing term, and a first-order non-linear correction:
Here, C is a capacitance per unit volume and b = 1 µm is the length of the graded doping region.
We remark that a single set of parameters was fitted against all curves at different V G . The result of the fit for the two largest values of V G is shown in Fig. 3b , while the deduced density profile n(x) is shown in Fig. 3c . Probably owing to the partial shielding by the grounded electrode, the carrier profile n(x) is slightly sublinear for x 500 nm. Starting from the best fit and using the expression for ϕ 4 , we obtained the position x max of the resonance (Fig. 3d) . We estimated an LPR displacement of 0.6 nm/V driven by the field effect. As mentioned before, in this experimental configuration the LPR shift is hindered by screening effects driven by traps in the dielectric and on the NW surface, which can become significant particularly at slow gating sweeps. This is also confirmed by the low apparent value of C extracted from the fit of the experimental data, when compared with the expected value C g (see Methods).
In conclusion, we demonstrated that we can localize and spatially control by field effect the In the fit of the experimental data we assumed a Drude form for the dielectric function of the carriers in the NW:
We introduced the plasma frequency 
where a is a real constant which relates the near-and far-field of the radiating point dipole, (Figure 3) . Depending on the average V G sweep speed, the resonance shift in the s-SNOM maps was estimated to fall in the 0.6 − 1.6 nm/V range.
